Nanowires have attracted great interest over the past decade because of their unique physical properties and great potential as building blocks for next-generation nanoelectronic devices. Among the reported quasi-onedimensional (1D) nanostructures, ZnO is thought to be one of the most promising candidates for LEDs because of its wide direct bandgap as well as large exciton binding energy [1] [2] [3] . The preparation and optical properties of ZnO 1D nanostructures have already been described in many reports [1] [2] [3] [4] [5] . The room-temperature photoluminescence of ZnO typically consists of UV emission from free exciton recombination and a broad visible emission associated with intrinsic or extrinsic defects [6] . It is evident that the presence of defects would significantly deteriorate the UV emission efficiency of the ZnO devices. On the other hand, the strong surface effect due to the high surface-to-volume ratio also enhances the surface recombination losses. As a result, the unpassivated surface states serve as nonradiative recombination centers and thus lower the luminescence efficiency of devices. Therefore, controlling defect states and completely eliminating the defect-related emission become the key issues for improving the UV emission efficiency. Up to now, suppression of the defect emission and enhancement of the UV emission has been realized by various methods, including plasma treatment and formation of core-shell structures with wide bandgap materials or polymers [7] [8] [9] [10] [11] [12] [13] . However, in most cases, the defect emission still cannot be totally eliminated [7] [8] [9] [10] , and more seriously, it would be recovered at the annealing temperatures above 400°C, especially for those treated by plasma [12] .
In this Letter, we report on the enhancement of PL properties and thermal stability of ZnO-core/ a-SiN x :H-shell nanowires. The mechanism for the improvement of ZnO nanowire PL characteristics is discussed and attributed to the surface modification by aSiN x :H where H and N atoms play important roles.
The preparation of ZnO-core/a-SiN x :H shell nanowires consists of two steps. First, ZnO nanowires were prepared by the chemical vapor transport method on a silicon substrate as reported elsewhere [14] [15] [16] . Then, the ZnO nanowires were directly coated with a-SiN x :H by using the plasma-enhanced chemical vapor deposition technique with a high frequency (40.68 MHz). The aSiN x :H layer was prepared from silane diluted with ammonia and hydrogen at a low temperature of 250°C. The flow rate of SiH 4 , NH 3 , and H 2 was 5, 25 and 30 sccm, respectively. According to the transmission spectrum and Tauc equation [17] , the optical band gap of aSiN x :H is estimated to be 3.8 eV. The structure of the nanowires was characterized by a Philips XL30 scanning electron microscope (SEM), Raith e_LiNE nanoengineering workstation, and a JEOL high-resolution transmission electron microscope (HRTEM, 2010F). PL measurement was conducted by near-field scanning optical microscope (Nanonics Cryoview2000) equipped with a 1.5 mW HeCd laser (λ 325 nm) at room temperature. A Fourier transform IR (FTIR) spectroscope was used to record bonding configurations of a-SiN x :H. Figure 1 (a) shows a SEM image of ZnO-core∕ SiN x :H-shell nanowires, which displays that ZnO nanowires have uniform a-SiN x :H covers. The fact that no a-SiN x :H was packed in the interspaces of the nanowires indicates that a-SiN x :H is preferentially grown on the surface of ZnO nanowires. The low-magnification TEM images of the ZnO-core/a-SiN x :H-shell nanowire shown in Fig. 1 (b) further reveals that a well-aligned a-SiN x :H shell layer was coated on the ZnO-core nanowire. The local HRTEM in Fig. 1 (c) manifests the microstructure of the boundary between the core and the shell. It is clear that the a-SiN x :H shell with a thickness of 6 nm is of an amorphous structure, while the core is ZnO wurtzite structure with a lattice plane spacing of 0.52 nm as marked in Fig. 1 , which corresponds to the (0001)-plane, indicating the growth direction is along the C axis. Figure 2 shows the PL spectra obtained from the as-synthesized ZnO nanowires with and without a-SiN x :H decoration, respectively. For the as-grown ZnO nanowires, one can see that the PL spectrum contains two typical emission peaks, the sharp UV emission near 380 nm and the broad green emission centered at 530 nm. Compared to the as-grown ZnO nanowire, the PL spectra taken from the ZnO-core/a-SiN x :H-shell nanowires show very different features. First, the total luminescence intensity increased significantly, which indicates that the nonradiative recombination centers in the as-grown ZnO nanowire can be effectively passivated by a-SiN x :H decoration. Second, the UV emission from the ZnO nanowire coated with a 6-nm-thick a-SiN x :H layer increases by about 70%, while the green emission is totally eliminated, which is different from that observed in the cases of ZnO coated by polymer or Al 2 O 3 in which the green defect emission can only be suppressed to some extent [7] [8] . Finally, it is found that the PL peak of the UV band does not show any shift when the thickness of a-SiN x :H is increased from 0 to 12 nm. We also noted that the increase of the a-SiN x :H shell-layer thickness from 6 to 12 nm does not enhance the UV emission further. These results imply that the improved UV emission does not result from the quantum confinement of photo-generated carriers inside the ZnO cores but from the suppression of green emission and nonradiative recombination.
To examine the thermal stability, the ZnO-core/ a-SiN x :H-shell nanowires were postannealed in a N 2 atmosphere at different temperatures. Figure 3 presents the PL spectra of the ZnO-core/6-nm-thick a-SiN x :H-shell nanowires after annealing. After annealing at 400°C, the intensity of the UV emission shows no reduction as compared to that of the as-grown sample displayed in Fig. 2 . Meanwhile, the broad green emission observed in the asgrown sample (uncoated) can be still completely suppressed. It is interesting to find that a negligible green emission can still be seen even though the annealed temperature increases up to 600°C. These PL behaviors are different from those of the uncoated ZnO nanowire where the intensity of the UV emission is remarkably decreased and the green emission intensity is significantly enhanced after annealing at 400°C [12] . These results demonstrate that a-SiN x :H decorating on ZnO nanowire as a protective film effectively improves the thermal stability of ZnO nanowires.
Generally, ZnO material exhibits an n-type characteristic for its intrinsic defects such as oxygen vacancies [6] . The defects after adsorbing the gas molecules would trap free electrons, which results in an upward band bending of the surface and gives rise to a space charge region near the ZnO surface. Consequently, it induces the separation of photo-generated electron-hole pairs and leads to a reduction in UV emission intensity [18] . On the other hand, the excess holes at the surface as a result of the upward band bending would tunnel into the deep-level defect centers inside the ZnO nanowires and cause a deep-level defect emission (green emission) [8, 19] . In recent years, Liu et al. and Richters et al. reported that the UV and deep-level defect emissions could be efficiently controlled by coating PMMA polymer or Al 2 O 3 [7] [8] . However, it is also found that the deep-level green defect emission in these cases still cannot be totally suppressed at room temperature. In particular, in the case of ZnO treated by plasma, the strong deep-level defect emission would even be recovered after the samples were annealed at temperatures higher than 400°C [12] . The PL phenomena differ sharply from those observed in our case. As is shown in Fig. 3 , the complete suppression of the deep-level defect emission can be obtained from ZnO-core/a-SiN x :H-shell even annealed at 400°C. The result strongly suggests that the a-SiN x :H shell can be used to manipulate optical properties of ZnO nanowires. In our case, the precursors of SiH 4 , NH 3 , and H 2 were used as source gases to fabricate a-SiN x :H in the parallel plate radio frequency glow discharge system. In the growth process, the depletion of the precursors through electron impact would produce a large number of H and N radicals flux to the growth surface. This reduces the surface traps and further lowers the surface band bending of ZnO cores. As a result, it leads to a stronger overlap of the wave functions of electrons and holes in the ZnO cores, enhances UV emission, and reduces deep-level defect emission. The H and N radicals located at the defect sites would further react with other radicals such as (Si, H, or N) to form a-SiN x :H. For the a-SiN x :H, the Si-H bonds are stable at a annealing temperature of 400°C while the N-H bonds are still unable to be dissociate even at a high annealing temperature of 500°C, as is shown in Fig. 4 . Therefore, it is very reasonable that PL emission from ZnO-core/a-SiN x :H-shell nanowire can remain unchanged even when the annealing temperature increases up to 400°C. Comparing Fig. 3 with Fig. 4 , it is clear that the intensity of the UV emission from the ZnO-core/a-SiN x :H-shell nanowires reduces along with the decrease of the Si-H and N-H vibration intensity, while the intensity of the defect emission exhibits a inverse tendency to that of the Si-H and N-H vibration. Therefore, the small degradation in UV emission as well as the observed weak defect green emission can be ascribed to the H and N desorption from defect states at the ZnO nanowire surface.
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